A Re-rich phase (up to 85.40% wt.Re) was occasionally found in a single crystal superalloy during thermal exposure. Interestingly, this phase is located in front of the dendrite periphery in the interdendritic region, while the Re is segregated in the dendrite core. Formation of this phase was suggested to relate to the unusual accumulation of the Re resulting from the uneven diffusion process of Re. Appearance of this phase may imply the preference of forming Re-Re atomic bond in the superalloys.
Introduction
The beneficial effect of Re on the high temperature properties of single-crystal nickel-based superalloys has resulted in a steady increase in the levels of Re used in these alloys [1, 2] . As a result, role and behavior of Re in superalloys have been drawing increasing attention over recent years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Rhenium could significantly reduce the γ coarsening rate [3] and is beneficial in producing alloys with small negative lattice misfit parameters [4] . In addition, atom probe investigations of Re-containing superalloys have reported both clustering of Re in the γ phase [5, 6] and pileup of Re at the γ/γ interface [7, 8] . Therefore, the position and the existing way of Re plays a significant role in mechanical properties of the superalloys. However, the mechanisms for Re acting in superalloys are not well established yet.
In this study, a Re-rich phase (up to 85.40% wt.Re) was unexpectedly found in the well-known single crystal superalloy CMSX-4 during thermal exposure. Interestingly, this phase is located in front of the dendrite periphery in the interdendritic region, while the Re is segregated in the dendrite core. The possible formation mechanism of this phase was discussed as well as its significance to the superalloys in the present study. It is thought that the present study is helpful for understanding the particular role and behavior of Re in Nickel-base superalloys.
Experimental Procedure
The mother alloy of single crystal alloy CMSX-4 used for the present work was supplied by CMSX Company. The casting method and nominal composition of the single crystal bars have been given in previous work [9] . The single crystal bars were sliced to small pieces (12 mm × Φ14 mm) and were given a standard heat treatment (heat to 1260
• C at 360
• C/h, hold 0.2 h, heat to 1288
• C at 30
• C/h and heat to 1320
• C/h, hold 2 h + AC; 1140 • C/2 h + AC; 870 • C/20 h + AC). Then, the samples were thermally exposed at 950
• C between 500∼5000 hours. The microstructures were carefully examined by the scanning electron microscope (SEM) with an energy dispersive X-ray analysis (EDS) accessory. It should be pointed out that only the observations made on the samples which show the unexpected formation of the Re-rich phase will be presented in this paper.
The composition mapping of Re was carried out with a Shimadzu mode electron probe microanalysis (EPMA) machine to examine and analyze the Re distribution before and after standard heat treatment according to the dendrite structure. heat treatment are γ, γ , and γ/γ eutectics. The detail of the specimen after standard heat treatment can be found in previous work [9] . Figure 1 shows the microstructure and EDS analysis of the specimen after thermal exposure of 800 hours at 950
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• C. As we can see, a bright phase was occasionally found in the backscattered electron image (Figure 1(a) ), which indicates that this phase consists of high content of refractory alloying elements. Moreover, this phase presents faceted morphology and is distributed in front of the dendrite periphery in the interdendritic region, especially in the corners between the dendrite arms. The EDS analysis clearly proves that this phase is primarily composed of Re and a little Ni with minor of Al, Cr, Co, and W, most of which are γ forming elements ( Figure 1(c) ). The detail of the composition obtained by EDS is given in Table 1 . It can be seen that the content of Re (up to 85.40% wt.) is much higher than those of other elements.
In the specimens thermally exposed for 1000 hours, this Re-rich phase could be hardly found at low magnification, while at high magnification pieces of this phase were detected as shown in Figure 2 . The morphology of this Re-rich phase is more regular with clearly pyramid facets in this condition. Furthermore, the phase distribution and composition are consistent with those in the condition of 800 hours exposure.
It should be pointed out that, although this phase was not found in the specimens with the shorter or longer exposure times, it is hard to say whether this phase formed or not in those conditions because of the much few amount. However, it at least demonstrates that this Re-rich phase mostly formed after approximate 800 hours during thermal exposure at 950
• C and gradually disappeared with increasing the thermal exposure time. In addition, since the amount of this Re-rich phase is very low in the specimen, it is difficult to find an effective way to identify this phase such as selected diffraction pattern.
Re Distribution.
As this phase is strongly rich in Re, the Re distribution in the specimens before and after the standard heat treatment was analyzed by EPMA mapping analysis. The mapping analysis is conducted on a scale of one dendrite structure as shown in Figure 3 . The Re is strongly segregated in the dendrite core or in the center of the secondary arm in the as-cast condition (Figure 3(a) ). After the standard heat treatment, most microsegregation of the Re was homogenized with unclear dendrite structure in the EPMA maps (Figure 3(b) ). Inset shows the analyzed area in the standard heat-treated specimen. Moreover, it should be emphasized that as many as EPMA maps obtained from other fields of the examined as-cast and standard heat-treated specimens are consistent with that shown in Figure 3 . No particular segregation of Re was detected in the corresponding region in which the Re-rich phase precipitated during following thermal exposure.
Discussion

Re-Rich Phase in Superalloy.
The Re-rich phase is very unusual in superalloys. A Re-rich δ-phase has been reported in as-cast and heat-treated Ni-Al-Re ternary alloys [10, 11] and later was found in variety of superalloys [12, 13] . Composition of the Re-rich phase found in this study is of some difference to theirs, with lower Re content and higher Ni. However, since Re and Ni are the main components in the Re-rich phase in this study (Table 1) and there is no other compound of Re and Ni according to the Ni-Re phase diagram [14] , this Re-rich phase might be the Ni-oversaturated δ-Re phase formed by the incomplete precipitation of the Re from the matrix during the thermal exposure. This could also explain the minor contents of Al, Cr, Co, and W in this phase.
Possible Formation Mechanism of the Re-Rich Phase in CMSX-4.
In this study, the alloy CMSX-4 used and other Re-containing alloys as well [13] have been melted once to make the initial ingots and again in the single crystal solidification process. Furthermore, this phase has displayed certain crystallographic morphology with matrix in the solid state as shown in Figure 2 . Therefore, presence of this phase is unlikely due to insufficient time for dissolution of the initial Re additions to the alloy. Feng et al. have come up with two ways in which the Re-rich δ-phase could form in their alloys: form in the interdendritic region by peritectic reaction during the solidification or form in the dendrite core during the aging heat treatment due to the strong segregation of Re there [13] . However, neither of them is applicable in present study, since this phase was not found in the as-cast condition and the Re is segregated in the dendrite core rather than in the area where this phase formed (Figure 3) . It indicates that formation of this phase in CMSX-4 alloy was controlled by a distinct mechanism with those in Feng's study. It is proposed that this Re-rich phase here is possibly induced by unusual accumulation of Re during later thermal exposure.
It is well known that alloy elements have different preference of segregation in dendrite and interdendritic area which would lead to two cross-diffusion fluxes in elevated temperature: W, Re, Cr, Mo, and Co from dendrite to the interdendritic regions and Al, Ti, Ta, and Ni in the opposite direction [15] . To simplify the diffusion process here, only the diffusion of Re is considered with two assumptions: the diffusion of Re is not affected by other alloy elements and is not permitted in the γ phase.
Then considering the process of diffusion, the flux of matter or else can be given by the relation: Flux = (conductivity) (driving force) [17] . In our case, the conductivity is the diffusivity of Re which is determined by temperature and the volume fraction of γ phase according to the assumptions and the driving force is related to the concentration gradient of Re. On one hand, the conductivity of Re is better in the dendrite than that in the interdendritic region, since the volume fraction of the γ phase is higher in the dendrite and the temperature is constant. On the other hand, it has proven in previous work [9] that the concentration along the line from dendrite core to interdendritic area of Re decreases smoothly, has a relative sharp decrease at the dendrite periphery, and then goes down smoothly again, which implies that the concentration gradient of Re is largest near the dendrite periphery between the dendrite core and the interdendritic region. As a result, the flux exchange of Re would be relatively higher near the dendrite periphery and, at the same time, the Re might not diffuse away into the interdendritic region as fast as it diffused from the dendrite core to the dendrite periphery. This may give rise to an accumulation of Re at the dendrite periphery. Moreover, the dendrite periphery might be taken as a pseudo-boundary where a new phase may readily form. Then, there might be a possibility to form the Re-rich phase from the matrix in this area. And with increasing the thermal exposure time, this phase gradually disappeared by diffusing away of the accumulated Re.
4.3.
Significance of This Re-Rich Phase. As shown preciously, the amount of this Re-rich phase is extremely low in the specimen. Therefore, it could hardly affect the mechanical properties of the superalloy (Ph.D.). Importantly, the appearance of this Re-rich phase, even a little, may to some extent illustrate the particular behavior of Re in the superalloys. It may imply the preference of forming the Re-Re bond in the superalloys rather than forming Re-X bond (X means the other alloying elements), otherwise other compounds would form but the Re-rich phase. Lately, atom probe investigations of Re-containing superalloys have reported the clustering of Re in the γ phase [5, 6] , which could partly explain the obvious improvement of the Re addition to the superalloys [16] . The preference formation of the Re-Re bond may to some extent illustrate the formation of Re cluster in superalloys by means of short-range order of the Re atoms. It is tempted to say that the Rhenium atoms are prone to holding together locally rather than to being evenly distributed in the γ matrix of superalloys.
Conclusions
In present study, a Re-rich phase (up to 85.40% wt. Re) was unexpectedly found in the single crystal superalloy CMSX-4 after 800-1000-hour exposure at 950
• C. It is surprisingly that this phase is located in front of the dendrite periphery in the interdendritic region, while the Re is segregated in the dendrite core but depleted in the interdendritic region. It was proposed that this Re-rich phase was caused by the unusual accumulation of the Re resulting from the uneven diffusion process of Re in the superalloys. Due to the scarce amount, it is incompetent to identify this Re-rich phase in this study. However, appearance of this Re-rich phase, even a little, may imply the preference of forming the Re-Re bond in the superalloys
